It has been proposed that the need to fulfill specific Using tricolor analysis of combed DNA molecules, we requirements that results from cell diversification may studied an amplified locus containing the known orihave led high eukaryotes to develop strong epigenetic gin, oriGNAI3. We visualized replication firing events controls over replication initiation rather than to conat this and other discrete regions and established a serve specific replicator sequences (Mechali, 2001). In strict correlation between AT richness and initiation good agreement with this hypothesis, cis-acting sesites. We found that oriGNAI3 is the prominent origin quences found at cloned origins of mammalian cells of the domain, the firing of which correlates with sishare very few similarities (Gilbert, 2001). In somatic lencing of neighboring sites and establishes large inmammalian cells, the size of specific initiation regions terorigin distances. We demonstrate that cells reversappears to be highly variable from locus to locus in the ibly respond to a reduction in nucleotide availability same cells, as exemplified by the study of the DHFR by slowing the rate of replication fork progression;
Here, we use this approach to further study the replication pattern of the AMPD2 region in lines 422, 474, and 471, three highly amplified mutant lines. In lines 422 and 471, more than 80% of the initiation events observed within the locus occur at oriGNAI3, the remaining events being scattered at a few other sites. In cells of line 474, oriGNAI3 fires far less frequently while a new efficient origin, which we called oriA, is unmasked. Moreover, tide supply modulates efficiency of active origins and controls activation of dormant origins. This shows that in mammalian cells, as in yeast models, not all the potential ure 2A. We studied 37 fibers positive with FISH (red) replication origins fire during S phase and suggests that and with replication-specific labeling. These fibers were the efficiency of some origins relies more on nucleotide aligned by their red signals, in particular by the borders availability and/or fork progression rate than on specific of the internal 32.8 kb gap separating the probes (Figure cis-sequences. Interestingly, the initiation sites identi-2B). Initiation events were observed on 33 out of these fied within the sequenced part of the domain lie in in-37 fibers ( Figure 2C , Table 1 ). Firing in a region located tergenic regions and precisely co-map with previously 1.5 Ϯ 0.7 kb (Ϯ SEM, standard error of the mean) downidentified AϩT rich matrix attachment regions (MARs) stream of the 3Ј end of the GNAI3 gene was present on (Fernandez et al., 1997) .
24 fibers (fibers 1-5). This corresponds precisely to the previously determined position of oriGNAI3 (see below). Initiation events were occasionally observed at other Results loci, which we called oriE (fibers 6, 7), oriB (fiber 8), and oriF (fibers 9, 10). Within the limits of precision of the Replication Pattern in Cells 422 Families of mutants amplified for the AMPD2 gene were mapping technique, oriE was mapped 53.5 Ϯ 0.9 kb upstream of the 3Ј end of the GNAI3 gene. All other sites derived from GMA32 cells by stepwise selection in the presence of increasing concentrations of coformycin identified in this study lie downstream of the GNAI3 gene. Their precise locations relative to the 3Ј end of ( Figure 1A ) (Debatisse et al., 1982) . Figure 1B shows the physical map of the locus that contains oriGNAI3 and that gene and their relative efficiencies are presented in Table 1 . Among the four molecules showing a firing encompasses several genes. We first studied the replication pattern of cells 422, which contains about 100 event at oriF, three also displayed initiation at oriGNAI3 (fiber10). These three fibers were the only examples of nonrearranged copies of the AMPD2 locus per cell.
Exponentially growing cells, the S phase of which lasts double initiation within the locus in cell line 422; noticeably, the two origins are separated by about 130 kb (see some 6-7 hr, were sequentially pulse-labeled with IdU and CldU for 20 min each. DNA was combed and hybridbelow and Table 2 ). A few elongating forks were visualized in the locus, ized with biotinylated cosmid probes specific to the AMPD2 region ( Figure 1B ). Tricolor detection of biotin, suggesting that the AMPD2 region is passively replicated at a frequency of about 9% (fiber 12). Alternatively, IdU, and CldU was performed as described in the Experimental Procedures section. A scheme of the patterns since breakage of the DNA fibers occurring outside the region covered by the FISH probes escapes detection, expected from bidirectional replication is shown in Fig-isolated replication forks could also correspond to firing events at oriF or oriE on broken fibers. Finally, two termination events were visualized toward the right end of the cloned region (fiber 11). Our results also show that the replication forks do not progress at an identical rate in the AMPD2 region on different fibers (compare the green signal of fibers 9 and 10, for example), which could reflect cell to cell and/or repeat to repeat heterogeneity. On the contrary, forks appear to travel at relatively similar rates within individual fibers.
Replication Patterns in Cells 474
Cells of line 474 ( Figure 1A ) contain about 100 copies of a large palindrome that excluded the 5Ј portion of the GNAI3 gene from the repeats (Hyrien et al., 1988) . The rearrangement positioned two copies of oriGNAI3 at a distance of about 10-12 kb ( Figure 1B) . Previous analysis has shown that oriGNAI3 remains active in these cells (Toledo et al., 1999) . The availability of a technique to analyze individual DNA molecules allowed us to determine whether the two closely positioned copies of oriGNAI3 fire simultaneously and whether the overall replication pattern in the AMPD2 region is similar in the different cell lines and in the two arms of the palindrome.
DNA fibers were hybridized with cosmid probes as indicated ( Figure 1B) . We analyzed 72 molecules in which fluorescent DNA tracks were detected in the AMPD2 region ( Figure 3A ). Fibers were aligned relative to the FISH signal, paying special attention to the borders of the 51 kb-long internal gap that contains the two copies of oriGNAI3. Fifty-five fibers displayed initiation events ( Figure 3B ), 13 of them occurred at oriGNAI3 (fibers 1-4). Remarkably, only one of the two closely spaced copies fired on a same fiber (fiber 1, 2). Initiation also occurred at oriB and oriF (fiber 7, 8), as previously observed in cells 422. Moreover, 14, 6, and 4 initiation events were respectively detected at loci called oriA (fibers 5-8), oriC (fiber 9), and oriD, which were not previously identified. Interestingly, firing at oriA represents more than 25% of the initiation events observed in this experiment (Table 1) .
Simultaneous firing at oriA on each arm of the palindrome, or at both oriA and nearby oriGNAI3, was not observed on the same fiber. However, double initiation events were present on nine individual fibers (12.5%) ( Table 2, to the fibers shown in (B). The combing technique also permitted us to calculate and appearance of oriA, rely on the DNA structure crethe speed at which the forks move by measuring the ated by the rearrangement, we analyzed cells of line size of the labeled tracks. As shown above, the analysis 471. This third step mutant was also derived from line of individual fibers indicates that the forks travel across 47, the second step mutant in which the palindrome the amplified domain at different speeds in the same was initially formed ( Figure 1A ). This palindrome was cell line. However, the average speed was much lower preferentially reamplified in all derivatives of line 47, in cells 474 (612 bp/min) than in cells 422 and 471 (1522 although the reasons for this are unclear. We analyzed 26 fibers in which newly synthesized DNA was visible and 1273 bp/min, respectively). In order to determine in the AMPD2 region ( Figure 3C ). Passive replication of whether this feature was limited to the AMPD2 region, the locus by elongating forks was visualized infrequently we estimated the mean fork speed progression in the (fiber 9). Seventeen fibers displayed activation at total genome of each cell line by measuring more than oriGNAI3 (fibers 1-6), two at site oriB (fiber 7), and two 100 tracks containing both IdU and CldU signals. To at site oriF (fiber 8) (summarized in Figure 3D ; Table 1 ).
avoid bias that could result from the counting of signals Remarkably, we observed neither initiation events at arising from broken fibers or from labeling shorter than oriA nor double initiation events on individual fibers (Ta-20 min, we focused on passive forks with IdU and CldU ble 2). Complex replication patterns, such as those obsignals of similar length, and on the external tracks of initiation and termination events of similar length. We observed that fork speed progression was variable in Figure 4A ), while the doubling time (not shown) and S phase duration ( Figure 4B ) remained unchanged. Focusing on the AMPD2 locus, we analyzed 37 fibers that were labeled by FISH and contained replication signals (Supplemental Figure S1 at http://www.cell.com/ cgi/content/full/114/3/385/DC1). Like in the whole genome, the average fork speed increased in the AMPD2 region (mean rate: 1832 bp/min). Strikingly, while initiation events at oriGNAI3 were observed on 18 fibers (about 67%), oriA or oriC fired only once. Initiation at oriB and oriF was respectively observed on two (7.4%) and five (18.5%) fibers (Table 1, 474 AϩU). Simultaneous initiation events on the same fiber were observed once, noteworthy at oriGNAI3 and oriF (Table 2) . Hence, the density of active origins and origin usage in the AMPD2 region appear similar in the different cell lines when forks proceed at comparable rates.
In order to determine the density of active origins at the genome wide level, we counted the number of replication forks traveling along DNA fibers visualized by using anti-DNA antibodies. We focused on 200 to 300 kb-long molecules and summed the results of 40-50 fibers for each experiment. Indeed, the number of forks traveling along a given length of DNA directly reflects the frequency of initiation events. In cells 471, we detected 58 forks within a total of 8.3 Mb analyzed. Strikingly, the density of forks was about two times higher in cells 474 grown in regular medium (167 forks per 12.6 Mb) and decreased markedly in cells grown in the presence of AϩU (73 forks per 12 Mb). Moreover, we observed multiple close initiation events along the DNA fibers specifically in the DNA of cells 474 grown in normal medium ( Figure 4C ). These results highlight the role of fork progression speed and/or nucleotide availability in the selection of active origins. fibers. Double labeling of nascent DNA allowed determination of the direction of fork progression on DNA fibers of the two lines confirmed this heterogeneity. Indeed, some fibers appeared labeled over hundreds of kb while and hence discrimination between passive forks and initiation or termination events. In parallel, the region of others presented only few kb-long tracks, which makes it unsuitable to determine the mean rate of fork progresinterest was identified by in situ hybridization with locusspecific probes ( Figures 1B, 2, and 3) . sion. We performed FISH experiments with the same probes as before on HU-treated cells 422 and 471, and By using this tricolor technique, we relocalized oriGNAI3 some 1.5 kb downstream of the GNAI3 gene, respectively analyzed 43 and 49 fibers exhibiting replication signal within the locus (Supplemental Figure S2 in good agreement with results previously obtained by using the 2D gel and competitive PCR techniques (Toon Cell website). In both cell lines, firing at oriGNAI3 decreased drastically upon HU treatment, most initiation ledo et al., 1998; Figure 5 ). Moreover, we observed recurrent firing events throughout the locus at several other events taking place at minor (oriB and oriF ) or silent (oriA, oriC, and oriD ) sites in untreated cells (Table 1) munication). Altogether, available results suggest that The technique also permits the rate of fork progres-AT-rich sequences recruit proteins involved in replicasion to be determined by measurement of the length of tion initiation and, since they are also easily unwound, the labeled tracks. We observed that while replication they meet two major prerequisites for origin function. forks generally proceed at similar rates along a given fiber, they travel at very different rates from fiber to fiber ( Figure 4A ). FISH analysis indicated that this heterogeFiring at OriGNAI3 Correlates with Silencing of Other Origins over a Large Domain neity does not concern different loci only since a similar level of variability was disclosed within the AMPD2 reIn cell line 422, firing at oriGNAI3 occurred in about 83% of the fibers that displayed initiation events in the portion gion (compare the green tracks of fibers 9 and 10 shown in Figure 2B ). This indicates that fork speed varies from of the locus lying downstream of GNAI3. The remaining events took place at two discrete sites called oriB and cell to cell within a cell population and/or from amplicon to amplicon within a single cell. oriF ( Figures 2B and 2C Figures 3C and 3D , Table 1 ). In striking contrast, Fernandez et al., 1997). OriA lies about 3 kb upstream of the GSTM4 gene, while oriB and oriC, respectively, the activity of oriGNAI3 decreased to 24% in cell line 474, while an origin called oriA, separated from oriGNAI3 lie some 1.5 kb downstream and 2 kb upstream of the AMPD2 gene ( Figure 5) . Thus, oriGNAI3, oriA, oriB, and by about 55 kb, accounts for more than 25% of the initiation events in these cells ( Figures 3A and 3B , Table oriC are nested in intergenic regions, in close proximity to either the 5Ј or 3Ј end of actively transcribed genes. 1). Firing at both oriGNAI3 and oriA on the same molecule was not observed, though the two origins taken Strikingly, oriA, oriB, and oriC each lie within a previously identified MAR (Figure 5; Fernandez et al., 1997) . These together accounted for some 50% of the initiation events within the locus. In contrast, double events appear on 1.5 to 3.5 kb-long MARs, named A, B, and C, have been identified by two independent in vitro approaches. Analthose fibers in which oriGNAI3 fails to fire, some of them involving oriA (Table 2) . We conclude that oriGNAI3 is ysis of their sequence has revealed several features considered as typical of anchorage regions, including a prominent origin, the activation of which is correlated with the silencing of other potential sites within a large highly AT-rich subregions (70%-90%) (Fernandez et al.,  1997) . As previously discussed (Toledo et al., 1998 ; Svetdomain, oriF being outside this domain ( Figure S1 on Cell website; Table 1 ). Conwas proposed that identical origins may fire at slightly versely, when cells of line 422 and 471 were challenged different times, leading to passive replication of one of with HU, most initiation events occurred at the other them by forks emanating from the other one. discrete sites identified throughout the locus while the However, firing of two copies of the same origin on activity of oriGNAI3 decreased drastically (Supplemeneach arm of the palindrome was prevented even when tal Figure S2 on Cell website, Table 1 ). We conclude they were positioned far from each other. For example, that the size of the nucleotide pools regulates fork proa strong bias against initiation of both copies of oriA gression rate and controls the choice and firing effiwas found in cells 474 grown in normal medium, even ciency of some origins. though they are separated by about 120 kb. Considering the mean rate of fork progression, it would take more Length of S Phase Relies both on Origin Spacing than 3 hr for forks coming from one copy of oriA to and Fork Progression Rate reach the other one. Thus, interference between two S phase duration ( Figure 4B ) and doubling time (not such origins cannot be simply accounted for by slight shown) are similar in cells 422, 471, and 474 grown in differences in their activation timing. Whether some fearegular or AϩU-containing media, suggesting that cells ture specific to the organization of the palindromic se-474 readily adapt to an unbalanced nucleotide supply quences is involved in such long distance crosstalk is and low replication rate. Here, we show that the density unknown. of active replication origins is comparable in cells 471 and 474 grown in AϩU, while it increases by more than 
